Estradiol-17beta (E 2 ) maintains high cAMP levels and meiotic arrest in zebrafish oocytes through activation of G proteincoupled estrogen receptor (GPER). The catecholestrogen 2-hydroxyestradiol-17beta (2-OHE 2 ) has an opposite effect to that of E 2 on oocyte maturation (OM) and cAMP levels in Indian catfish oocytes. We tested the hypothesis that 2-OHE 2 is produced in zebrafish ovaries and promotes the resumption of oocyte meiosis through its action as a GPER antagonist. Ovarian 2-OHE 2 production by estrogen-2-hydroxylase (EH) was upregulated by gonadotropin treatment at the onset of OM, consistent with a physiological role for 2-OHE 2 in regulating OM. The increases in EH activity and OM were blocked by treatment with CYP1A1 and CYP1B1 inhibitors. Expression of cyp1a, cyp1b1, and cyp1c mRNAs was increased by gonadotropin treatment, further implicating these Cyp1s in 2-OHE 2 synthesis prior to OM. Conversely, aromatase activity and cyp19a1 mRNA expression declined during gonadotropin induction of OM. 2-OHE 2 treatment significantly increased spontaneous OM in defolliculated zebrafish oocytes and reversed the inhibition of OM by E 2 and the GPER agonist G-1. 2-OHE 2 was an effective competitor of [ 3 H]-E 2 binding to recombinant zebrafish GPER expressed in HEK-293 cells. 2-OHE 2 also antagonized estrogen actions through GPER on cAMP production in zebrafish oocytes, resulting in a reduction in cAMP levels. Stimulation of OM by 2-OHE 2 was blocked by pretreatment of defolliculated oocytes with the GPER antibody. Collectively, the results suggest that 2-OHE 2 functions as a GPER antagonist and promotes OM in zebrafish through blocking GPER-dependent E 2 inhibition of the resumption of OM.
INTRODUCTION
The essential functions and actions of estrogens in regulating reproductive and nonreproductive processes in vertebrates have been studied extensively. Genomic actions of estrogen are initiated through nuclear estrogen receptors (ERs), ligand-activated transcription factors that interact with the regulatory regions of target genes, whereas rapid (nongenomic or pregenomic) estrogen actions are mediated via ERs in extranuclear locations and by a seven-transmembrane receptor, G protein estrogen receptor (GPER) [1, 2] . In contrast, limited information is available on the physiological importance of estrogen metabolism in modulating the actions of estrogens in reproductive tissues [3, 4] . Although estrogen metabolites were initially thought to be hormonally inactive and have weak binding affinity for estrogen receptors [3, 4] , 2-hydroxyestradiol-17beta (2-OHE 2 ) exerts antiestrogenic activities in human breast cancer cells [5] and rat uteri [6] as well as estrogenic effects on certain breast cancer cells [7] , ovarian cancer cells [8] , porcine coronary arteries [9] , and hippocampal cells [10] . Moreover, experiments with selective nuclear estrogen receptor (ER) modulators and ERa-knockout mice suggest that many of these actions of 2-OHE 2 are nongenomic and are independent of the ERs [11] . Therefore, the potential role of estrogen metabolites in regulating reproductive functions and their interactions with estrogen receptors needs further study.
The major estrogen metabolites, catecholestrogens, are formed by aromatic hydroxylation of estrogens primarily at the C-2 or C-4 positions by cytochrome P450s (CYPs), a superfamily of heme-containing monooxygenases [12, 13] . A large number of estrogen metabolites hydroxylated at different positions (2-, 4-, 6a-, 6b-, 7a-, 12b-, 15a-, 15b-, 16a-, and 16b-) via different CYP isoforms have been detected in mammals, although the quantitatively major metabolic pathways of estrogens are 2-hydroxylation with limited participation of 4-hydroxylation leading to the formation of 2-OHE 2 and 4-hydroxyestradiol-17b (4-OHE 2 ) [14] [15] [16] . Members of both CYP1A and CYP1B subfamilies-CYP1A1, CYP1A2, and CYP1B genes and their proteins-are involved in E 2 metabolism in mammals [16] . In contrast, a single gene cyp1a and its translated protein, Cyp1a, are primarily responsible for E 2 hydroxylation in most teleost species, except in polyploid fishes, such as salmonids [17] [18] [19] . Recent studies with recombinant zebrafish Cyps revealed that the highest rate of E 2 metabolism occurs through Cyp1a, followed by Cyp1c1, Cyp1c2, and Cyp1b1, and that 2-OHE 2 is the predominant metabolite of E 2 [20] .
The critical role of estrogens in the regulation of vitellogenin production and oocyte growth is well established in teleosts. Recent studies suggest that estrogens also have an important physiological role in teleosts at the end of oocyte development to prevent precocious oocyte maturation (OM) prior to the preovulatory surge in luteinizing hormone secretion and stimulation of maturation-inducing steroid production [21] [22] [23] [24] . Endogenous estrogens produced by ovarian follicles inhibit the resumption of meiosis in Atlantic croaker and zebrafish oocytes by a cell surface-mediated, nongenomic action through binding to GPER on the oocyte plasma membrane and activation of GPER-dependent signaling pathways [22] [23] [24] [25] . Sustaining elevated cAMP concentrations is critical for maintaining meiotic arrest of vertebrate oocytes. Estrogens are thought to maintain meiotic arrest via GPER in croaker and zebrafish oocytes by preserving elevated cAMP levels through activation of a stimulatory G protein (G s ) that is coupled to GPER, resulting in increases in membrane adenylyl cyclase activity and production of AMP [24, 25] . The bc subunit of the stimulatory G protein also appears to participate in estrogen inhibition of OM in zebrafish through activation of an Egfr/Mapkinase pathway [26] .
An interesting finding is that estrogen metabolites, mainly hydroxyestrogens, have an opposite action to that of E 2 in Indian catfish ovaries, 2-OHE 2 causing induction of OM at high concentrations (5 lM) [27] [28] [29] as well as at physiological concentrations (1-10 nM) [30] . Both periovulatory and seasonal changes in catecholestrogen concentrations and estrogen-2/4-hydroxylase activities have been observed in Indian catfish ovaries [27, 31, 32] . Physiologically relevant concentrations of hydroxyestrogens, such as 2-OHE 2 , have been shown to induce OM by several mechanisms, including stimulation of maturation-inducing steroid production [30, 33] and inhibition of aromatase activity, which would result in removal of the inhibitory effects of E 2 on OM [32] . The finding that total follicular cAMP was decreased during 5 lM 2-OHE 2 -induced OM in this species [28] raises the possibility that oocyte cAMP levels also may decrease after catecholestrogen treatment. Collectively, these studies in Indian catfish indicate that catecholestrogens induce OM through a nongenomic action, although the physiological relevance of the results with high 2-OHE 2 concentrations and the mechanisms of 2-OHE 2 actions remain unclear and warrant further investigation.
Catecholestrogens could potentially induce OM in teleosts by binding to estrogen receptors and antagonizing the actions of estrogens. Catecholestrogens are structurally related to estrogens and due to the presence of a catechol moiety could possibly have a different binding motif to that of estrogens. The ERs are unlikely candidates for these receptors because catecholestrogens display weak binding affinities to ERs [34] , bind to tissues from ER knockout mice [11] , and show no activity in ER transactivation assays at physiological concentrations [5] . Catecholestrogens bind to cell membranes [35] , suggesting they act through a membrane estrogen receptor. GPER is a plausible candidate for the receptor mediating the effects of catecholestrogens on OM because it is localized on the oocyte plasma membrane and has been clearly shown to be the intermediary in estrogen maintenance of meiotic arrest [22] [23] [24] . Therefore, we hypothesized that 2-OHE 2 has a similar action in zebrafish as that in the Indian catfish to induce OM and that it acts through GPER as an antagonist to block the inhibitory actions of E 2 on OM.
The onset of OM in teleosts and other vertebrates is triggered by a surge in gonadotropin secretion [36] . Estrogen-2-hydroxylase (EH) activity in Indian catfish ovaries, assessed by measuring 2-OHE 2 production, is increased by gonadotropin-releasing hormone treatment in vivo and by human chorionic gonadotropin (hCG) treatment in vitro [27, 31, 32] , suggesting that it has a physiological role in OM. However, there is paucity of information on gonadotropin regulation of the catecholestrogen synthesizing CYP1A1, CYP1B1, and CYP1C1 genes in vertebrates, and no effects of in vitro gonadotropin treatment on CYP1A1 and CYP1B1 mRNA expression were observed in rat ovarian tissue [37] .
The time course and mechanism of gonadotropin upregulation of catecholestrogen production in zebrafish ovarian follicles was investigated in the present study to determine its potential physiological role in the onset of OM. The dynamics of gonadotropin-induced changes in OM and catecholestrogen and estrogen production in zebrafish ovarian follicles were examined, as were the activities of their synthetic enzymes and the expression of the cyp1 genes involved. Stimulatory effects of catecholestrogens on in vitro OM and their interactions with GPER were also explored to confirm their physiological importance in regulating OM and to elucidate their likely mechanism of action. The results support our hypothesis that 2-OHE 2 induces the resumption of meiosis in zebrafish oocytes by acting as a GPER antagonist to block the inhibitory actions of E 2 on OM. 
MATERIALS AND METHODS

Chemicals
Animals
Sexually mature zebrafish, Danio rerio, were purchased from Segrat farms (Gibsonton, FL) and maintained in flow-through aquaria (36 L) at 258C on a 14L:10D photoperiod without separation of males and females at the University of Texas Marine Science Institute. The fish were fed a commercial tropical fish food twice a day supplemented with live brine shrimp once or twice a week. The fish were maintained under these conditions for at least 2 wk before they were used in experiments.
Isolation and Incubation of Ovarian Follicles and Germinal Vesicle Breakdown Assay
Gravid female zebrafish (20-30 fish/experiment) were anesthetized with MS-222 (88 mg/L) for 2 min and humanely euthanized by decapitation following procedures approved by the University of Texas at Austin Institutional Animal Care and Use Committee. Ovaries were removed and placed in a culture dish containing 60% L-15 (Leibovitz) medium (pH 7.6), and the follicles were separated with the aid of fine forceps and scalpel blades and by gentle pipetting through a Pasteur pipette approximately 40-50 times [24] . The follicles were carefully divided under a dissecting microscope into the following stages: stage III, early vitellogenic (diameter: 350-450 lm); stage IV, late vitellogenic (diameter: 450-550 lm); and stage V, fully grown, (diameter: 550-650 lm).
Stage V (fully grown) follicle-enclosed oocytes (FEOs) and defolliculated oocytes were selected from zebrafish ovaries (n ¼ 20) as described earlier [26] , and 30-40 FEOs were transferred to each well of a 24-well plate containing 1 ml of 60% L-15 medium and incubated with various steroids. Each steroid treatment was conducted in triplicate. The FEOs and defolliculated oocytes were incubated for 3 and 6 h at 288C, and at the end of the incubation period, the oocytes were scored for germinal vesicle breakdown (GVBD) based on the appearance of the oocytes. In a separate experiment, about 30 full-grown defolliculated oocytes from pooled ovaries (N ¼ 20) were incubated with 2-OHE 2 alone or in combination with IgG or fish GPER antibody (1:300) in triplicate wells and scored for the % GVBD at the end of 4 and 6 h.
Extraction of Catecholestrogens
Stage III, IV, or V follicles (100 mg) were homogenized in four volumes of cold 0.2 N perchloric acid containing 5 mM ascorbic acid with 3 3 5-10-sec bursts of an ultrasonic homogenizer (550 Sonic dismembrator; Fisher Scientific, Pittsburgh, PA). The homogenate was centrifuged at 21 000 3 g for 20 min at 48C, and the supernatant was collected and extracted twice with two volumes of hexane followed by three extractions with two volumes of diethyl ether. The ether phase was then pooled, evaporated, and dried under CHOURASIA ET AL. nitrogen gas and stored at À208C [31] until measurement of catecholestrogens by high-pressure liquid chromatography-electrochemical detection (HPLC-ECD) [38] . Care was taken to protect the samples from exposure to light during extraction and storage.
HPLC-ECD Measurement of Catecholestrogens
The procedures for measurement of E 2 metabolites were essentially the same as those of Satoh et al. [38] . The HPLC system consisted of a model 1525 binary HPLC pump with a model 464 pulsed electrochemical detector (Waters Corporation, Milford, MA) operated with a Breeze 2000 work station. E 2 metabolites were separated using a Symmetry C18 reverse-phase column (5 lm; 4.6 3 150 mm; Waters Corporation), protected by a Symmetry C18 guard column (5 lm; 3.9 3 20 mm; Waters Corporation), and eluted with a mixture of (60/40, vol/vol) of methanol and 50 mM NH 4 H 2 PO 4 , pH 2.5, at a flow rate of 1.5 ml/min at room temperature. The potential voltage of the detector was fixed to 0.8 V versus the Ag/Cl reference electrode. For quantitative analysis, a calibration curve was obtained by injecting a range of concentrations of 2-OHE 2 , E 2 , and 2-ME-E 2 .
Microsomal E 2 Hydroxylation
The microsomal E 2 hydroxylation activity assay was conducted according to Spink et al. [39] . Briefly, ovaries from 25 gravid females were pooled and homogenized (1:10 wet wt/vol) in chilled 100 mM sodium phosphate buffer, pH 7.4, containing 250 mM sucrose and 10 mM dithiothreitol. Homogenizations were performed on ice using three 5-sec bursts of a Tissue Tearor homogenizer (Biospec Products, Bartlesville, OK), with 10-sec intervals. Microsomes from ovarian tissue were prepared by differential centrifugation at 48C. One milligram of microsomal protein was incubated in 2 ml 0.1 M sodium phosphate buffer (pH 7.4) containing 50 lM E 2 as substrate and 1.4 mM NADPH for 2 h at 288C under continuous shaking. At the end of the incubation period, 20 mM ascorbic acid were added, and the incubation mixture was extracted three times with 4 ml of diethyl ether. The organic phase was evaporated to dryness under nitrogen, and the catecholestrogen content was measured by HPLC-ECD.
Tissue Distribution and Subcellular Localization of EH Activity
Zebrafish (n ¼ 35) were euthanized as described above, and ovaries, brains, and livers were pooled and homogenized (1:10 wet wt/vol) in chilled homogenization buffer containing 0.25 M sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), and 25 mM HEPES-NaOH buffer (pH 7.4) with three bursts for 5-10 sec separated by 10-sec intervals using an ultrasonic homogenizer at 48C. An aliquot of the whole homogenate was removed and stored at 48C until assayed for EH activity on the same day. The remaining homogenate was subjected to differential centrifugation to separate the subcellular fractions. Particulate fractions of nuclei (1000 3 g), mitochondria (10 000 3 g), microsomes (105 000 3 g), and the soluble fraction were prepared by differential centrifugation. The nuclei, mitochondria, and microsomal fractions were washed, resuspended in homogenization buffer, and subjected to a second centrifugation to obtain pure subcellular fractions. Aliquots of the whole homogenate and subcellular fractions were suspended and diluted in 25 mM HEPES buffer (pH 7.4) and assayed for EH and aromatase enzyme activity.
Microsomes were also prepared from 200-250 defolliculated oocytes and FEOs for assays of EH and aromatase activity. Oocytes were defolliculated by enzymatic treatment with collagenase (50 lg/ml) for 1 h and washed several times with fresh 60% L-15 media (pH 7.6). Complete removal of the follicle cells was confirmed by the absence of nuclei surrounding the defolliculated oocytes. Nuclei were visualized by staining with 40,6-diamidino-2-phenylindole (1 lg/ml in PBS [pH 7.4]) and examined under a fluorescent microscope.
Aromatase and EH Activities During hCG Induction of Oocyte Maturation
Ovarian follicles were carefully separated under a dissecting microscope into stage IV and stage V follicles as described earlier [24] . About 200-250 ovarian follicles in triplicate were incubated in 4 ml of 60% L-15 medium with or without 15 IU hCG for different time intervals (0, 2, 3, and 5 h), and after completion of the experiment, the tissue were processed for EH and aromatase activities and scored for GVBD.
Effects of Treatment with ANF (CYP1A Inhibitor) and TMS (CYP1B1 Inhibitor), Alone and with hCG, on Ovarian EH Activity and GVBD Microsomes were prepared by differential centrifugation of homogenized ovaries pooled from 35 individuals. A CYP1A inhibitor, ANF (dissolved in dimethyl sulfoxide [DMSO]), or a CYP1B1 inhibitor, TMS (dissolved in ethanol), was added to the EH assay tubes containing the microsomal preparation (0.5 ml ¼ 0.5 mg protein), NADPH 1 mM, [2, 4 3 H]-E 2 (0.5 lCi in DMSO (2% vol/vol), and 25 mM HEPES buffer pH 7.4 (up to 1 ml) to make a final concentrations ranging from 1 nM to 100 lM. At the end of a 30-min incubation at 288C, the radioactivity of the tritium-labeled water [ 3 H 2 O] released into the aqueous fraction was measured as described for the EH assay.
In a separate experiment 200-250 ovarian follicles (stage IV) were incubated for 3 h with or without 15 IU hCG and 10 lM of ANF or TMS. At the end of the incubation period, GVBD was assessed, and microsomes were prepared from oocyte samples for measurement of EH activity.
Expression of cyp1s mRNAs and Enzyme Activities at Different Stages of Ovarian Development
Zebrafish were euthanized during the scotophase, 1 h after lights were turned off (2200 h), as described earlier, and ovaries were pooled and separated into stage III follicles (early vitellogenic oocytes: 350-450 lm, incompetent to undergo OM), stage IV (late vitellogenic oocytes: 450-550 lm, smallest oocytes capable of undergoing OM), and stage V follicles (fully grown oocytes: 550-650 lm, fully competent to undergo OM) [24] . Fish were also euthanized at the onset of the light phase, immediately after lights were turned on (0700 h), to collect follicles that had undergone GVBD. Aromatase and EH activities were measured in ovarian follicles (200-300) at each development stage by radiometric methods described in the following section. The remaining follicles at each developmental stage were snap frozen in liquid nitrogen for subsequent RNA extraction and assay.
EH and Aromatase Assays
The enzyme activities of microsomal preparations were assayed by radiometric methods described previously for EH [33, 40] and aromatase [41] with minor modifications. Briefly, ovarian tissue was homogenized at 48C in homogenization buffer (0.25 M sucrose, 1 mM EDTA, 25 mM HEPESNaOH buffer pH 7.4) with three bursts for 5-10 sec separated by 10-sec intervals using an ultrasonic homogenizer. Microsomes were prepared by differential centrifugation, washed, and suspended (1 mg protein/ml) in 25 mM HEPES buffer pH 7.4. Aliquots (0.5 ml) of the suspension were incubated for 30 min at 288C with continuous shaking with 1 mM NADPH, 0.5 lCi [ 3 H]-E 2 , and 40 lg E 2 (total volume 1 ml) for the assay of EH activity. Aromatase activity was assayed by incubation of microsomes (0.5 ml) under the same conditions with 1 mM NADPH and 0.5 lCi [ 3 H]-androst-4-ene-3,17-dione in a total volume of 1 ml. These microsomal protein and NADPH concentrations and incubation times were found by experimentation to be optimal for both EH and aromatase assays. The [ 3 H]-steroid precursors were extracted from the incubation medium with dichloromethane, and the radioactivity of the tritiated product [ 3 H 2 O] released into the aqueous fraction was counted with a liquid scintillation counter. Enzyme activity was calculated and expressed in pmol/mg protein/30 min as Enzyme activity ¼ ([cpm count/counter efficiency in decimal percent] 3 fmol/dpm*)/time 3 protein concentration, where *dpms were calculated from the specific activities of the radiolabeled steroids.
Gonadotropin Regulation of cyp1a, cyp1b1, cyp1c1, and cyp19a1a mRNAs Twenty gravid zebrafish were euthanized at the beginning of the scotophase (2200 h) as described earlier, ovaries were pooled, and stage IV follicles were selected. Stage IV follicles (40-45/time point) were incubated in 60% L-15 medium (pH 7.6) with or without 15 IU hCG for 0, 2, 3, or 5 h. At the end of the incubation, the follicles were snap frozen in liquid nitrogen and stored for subsequent RNA extraction.
RNA Extraction and Quantitative PCR
Total RNA was extracted from ovarian follicles using TRI reagent, and 3 lg of total RNA was reverse transcribed using an Affinity Script QPCR cDNA synthesis kit (Agilent Technologies, Santa Clara, CA) in a reaction volume of 20 ll following the manufacturer's protocol. One microliter of cDNA was used for measurement of the expression of cyp1a, cyp1b1, cyp1c1, cyp19a, and ef1a 2-OHE 2 BLOCKS E 2 INHIBITION of OM THROUGH GPER mRNAs using 200 nM of forward and reverse primers (sequences in Table 1 ) by quantitative PCR in real time with Brilliant II SYBR (Agilent Technologies) using an Eppendorf RealPlex Mastercycler (Eppendorf, Hamburg, Germany) with a denaturation step of 958C for 10 min, followed by 40 cycles of 958C for 30 sec, 558C for 30 sec, and 728C for 1 min. The melting curve was plotted after the amplification cycles with the profile of 958C for 15 sec and 608C for 15 sec, and then the temperature was ramped up to 958C in 20 min and maintained for 15 sec to verify the specificity of the PCR products. The specificity of the amplicon products was evaluated by sequencing, followed by a BLAST search to confirm their specificity, gel electrophoresis, amplicon size, and melting curve analysis. The mRNA level of each target gene was first normalized to the housekeeping gene ef1a and then expressed as relative change to the control group. Quantitative PCR data were analyzed using the comparative quantitation method, the relative expression level of each gene was calculated from 2 ÀDCT (2
) values, and results were multiplied by 10 5 and defined as arbitrary units in the figure. The primers had sufficient amplification efficiency (.95%).
Role of GPER in 2-OHE 2 -Induced GVBD
Stage V (fully grown) FEOs and defolliculated (denuded) oocytes were selected from zebrafish ovaries (n ¼ 20) as described earlier [26] , and 30-40 FEOs or defolliculated oocytes were transferred to each well of a 24-well plate containing 1 ml of L-15 medium and 20 nM of either of E 2 or G-1 or 2-OHE 2 alone or in combination with 20 nM of 2-OHE 2 along with the appropriate vehicle control (ethyl alcohol). All treatments were assayed in triplicate. Both the FEOs and defolliculated oocytes were incubated for 3 and 6 h at 288C, and at the end of the incubation period, the oocytes scored for % GVBD.
In another experiment, about 30 defolliculated full-grown oocytes from pooled oocytes (N ¼ 20) were incubated with 2-OHE 2 alone or in combination with IgG and fish GPER antibody (1:300) in triplicate and scored for the % GVBD at the end of 4 and 6 h.
Effect of 2-OHE 2 on cAMP Production
About 30-40 stage V follicles, pooled from fish (n ¼ 25), were incubated for 3 h in the medium containing 20 nM of E 2 , G-1, G-15, or 2-OHE 2 alone or in combination with 20 nM of 2-OHE 2 . All treatments were assayed in triplicate. At the end of the incubation period (3 h), cAMP was extracted and measured using a cAMP EIA kit (Cayman Chemical, Ann Arbor, MI) following the manufacturer's instructions.
Cloning of Zebrafish GPER and Stable Expression in HEK-293 Cells
Total RNA was extracted from zebrafish ovarian tissue (;0.5 g) using 1 ml TRI-reagent (Sigma-Aldrich), and the full-length coding region of zebrafish GPER cDNA was amplified by RT-PCR with primers designed according to the mRNA sequences of zebrafish GPER (NCBI reference: XM_009299734.1). The full-length zebrafish GPER amplicons were then cloned into p-GEM TA cloning vectors (Promega, Madison, WI). The insert was sequenced again from both 3 0 and 5 0 ends with T7 and SP6 primers to verify the integrity and orientation. The full-length inserts were then subcloned into the pBK-CMV expression vectors (Stratagene, La Jolla, CA). The correct sequence and orientation of the insert were confirmed by sequencing. The zebrafish GPER gene expression constructs were then transfected into human HEK-293 cells (American Type Culture Collection, Manassas, VA) with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Stably transfected cell lines were maintained with DMEM/Ham F-12 medium supplemented with 10% charcoal-stripped fetal bovine serum and 100 lg/ml gentamicin and selected with 500 lg/ml geneticin (G418). Expression of zebrafish GPER mRNA in transfected cells was confirmed periodically by RT-PCR. Expression of the GPER protein on the plasma membrane fraction of transfected HEK-293 cells was confirmed by Western blot analysis (see Supplemental Figure S1 , available online at www. biolreprod.org).
Competitive Binding of 2-OHE 2 and 2-MethoxyE 2 to Recombinant Zebrafish GPER Recombinant zebrafish GPER was expressed by transfection of full-length zebrafish GPER cDNA in pBK-CMV mammalian expression vectors into HEK-293 cells, and the transfected cells were selected and maintained with G418. Competitive binding assays of 2-OHE 2 and 2-ME-E 2 binding to GPER on plasma membranes of GPR30-transfected cells were conducted as described previously [42] . Membranes (;0.2 mg protein) were incubated with 4 nM of [
3 H]-E2 and a range of concentrations (0.1 nM-10 lM) of 2-OHE 2 , 2-ME-E 2 , or nonradiolabeled E 2 (dissolved in 0.5 ll ethanol, which does not affect [
3 H]-E 2 binding) for 30 min at 48C. The reaction was stopped by filtration through glass fiber filters (Whatman GF/B) with a multiwell cell harvester (Brandel) and washed, and the bound radioactivity was measured with a scintillation counter. Displacement of [ 3 H]-E 2 binding by 2-OHE 2 and 2-ME-E 2 was expressed as a percentage of the maximum specific binding of E 2 .
Statistical Analysis
All the results are shown as means 6 SEM. All the experiments were performed at least three times to confirm the results. One-way ANOVA with Newman-Keuls multiple comparison tests were used to determine statically differences between control and experimental treatments using Graph Pad Prism 3.0 software (GraphPad Software, San Diego, CA).
RESULTS
Detection of 2-OHE 2 and Changes During Ovarian Follicle Development
The major product of ovarian microsomal incubations with E 2 eluted at the position of 2-OHE 2 on HPLC chromatograms, whereas no peaks were detected with the retention time of 2-methoxyE 2 (Fig. 1, A, C, and D) . Microsomal EH activity of stage IV follicles was 6.8 6 1.2 pg/mg protein/2 h, whereas nonenzymatic activity was insignificant ( Fig. 1B) at ;0.1 6 0.0 pg/mg/2 h. Ovarian E 2 and 2-OHE 2 concentrations showed parallel significant decreases during oocyte growth from maximum levels in stage III follicles (pg/100 mg tissue: E 2 , 32.7 6 1.9; 2-OHE 2 , 28.3 6 1.6; mean 6 SEM, N ¼ 3) to intermediate levels in stage IV follicles (pg/100 mg tissue: E 2 , 20.7 6 1.5; 2-OHE 2 , 15.9 6 0.6, N ¼ 3), declining to minimum levels in stage V follicles (pg/100 mg tissue: E 2 , 13.6 6 1.2; CHOURASIA ET AL.
2-OHE 2 , 8.8 6 0.5, N ¼ 3). 2-ME-E 2 was not detected in any of the ovarian follicle stages.
Distribution and Subcellular Localization of EH and Aromatase Activities
EH activity (per mg protein/30 min of incubation) was highest in microsomes prepared from zebrafish liver (2.3 6 0.1 pmol, n ¼ 3), intermediate in brain (1.2 6 0.06 pmol), and lower in ovary (0.8 6 0.1 pmol). In contrast, aromatase activity/mg protein/30 min was highest in the brain (0.8 6 0.1 pmol), followed by ovary (0.5 6 0.1 pmol), and lowest in liver (0.1 6 0.0 pmol). EH and aromatase activities/mg protein/30 min were 0.7 6 0.0 pmol (n ¼ 3) and 0.5 6 0.0 pmol (n ¼ 3), respectively, in stage V ovarian follicles, and 0. 4 6 0.0 pmol (n ¼ 3) and 0.2 6 0.0 pmol (n ¼ 3), respectively, in defolliculated oocytes prepared from these ovarian follicles, indicating that the enzyme activities are predominantly in the follicular layer surrounding the oocytes. EH activity was highest in microsomal fractions of zebrafish ovarian stage IV tissue (1.7 6 0.0 pmol), with minor activities in mitochondrial (0.4 6 0.0 pmol) and nuclear (0.4 6 0.0 pmol) fractions and the lowest in cytosolic fractions (0.3 6 0.0 pmol), suggesting that the majority of the EH activity is in the microsomes.
Changes in Ovarian EH and Aromatase Enzyme Activities During Follicle Development and after Treatment with Cytochrome P450 Inhibitors
The changes in EH and aromatase enzyme activities during ovarian follicle development mirrored those of ovarian 2-OHE 2 and E 2 contents described previously. Both EH and aromatase activities were highest in early-vitellogenic (stage III) follicles, significantly lower in larger late-vitellogenic (stage IV) follicles, and lowest in the largest mature (stage V) follicles, less than 50% of the stage III follicle activities ( Fig. 2A) . EH activity was significantly decreased in a concentrationdependent manner by increasing concentrations of two cytochrome P450 inhibitors: ANF, which inhibits CYP1A1, and TMS, an inhibitor of CYP1B1 (Fig. 2B) . The CYP1A1 inhibitor was more effective in inhibiting EH activity than the CYP1B1 inhibitor, suggesting that EH activity is mediated mainly through Cyp1a.
Stage-Specific Expression of Cytochrome P-450 mRNAs in Ovarian Follicles Competent to Undergo Oocyte Maturation
Transcripts for cyp1a, cyp1b1, cyp1c1, and cyp19a1 were detected in ovarian stage IV and stage V follicles, both of which are capable of undergoing OM (Fig. 3) . Relative mRNA CHOURASIA ET AL.
2-OHE 2 BLOCKS E 2 INHIBITION of OM THROUGH GPER
abundance of cyp1a was highest (Fig. 3A) , followed by aromatase (cyp19a1; Fig. 3D) and then cyp1c (Fig. 3C ) and finally cyp1b1 with relative expression levels ;1/1000 those of cyp1a (Fig. 3B) . Expression levels of cyp1a and cyp1c mRNAs were significantly lower in stage V follicles than in stage IV follicles, whereas the decrease in cyp19a1 in stage V follicles was not significantly different, and cyp1b1mRNA levels were unchanged. Ovarian follicles whose oocytes had completed GVBD had low expression of all four cyp mRNAs (Fig. 3) .
Aromatase and EH Activities During hCG-Induced Oocyte Maturation
Incubation of stage IV follicles with 15 IU hCG for various time periods did not significantly alter aromatase activity compared to that in untreated controls. Aromatase activity had significantly declined in both control and hCG-treated groups after 5 h of incubation (Fig. 4A) . In contrast, incubation with hCG significantly stimulated EH activity in stage IV follicles at the all times tested, the greatest stimulation occurring after at 2 h of incubation (Fig. 4B) . This hCG treatment also significantly increased the % GVBD in stage IV follicles at all incubation times (Fig. 4C) , suggesting an association between the increase in EH activity and OM. Incubation of stage V follicles with hCG did not significant alter either aromatase or EH activities (Fig. 4, D and E) . However, the % GVBD was significantly increased at all time points by this treatment (Fig. 4F) .
Effects of CYP1A1 and CYP1B1 Inhibitors on hCG-Induced EH Activity and GVBD
Incubation of stage IV follicles for 3 h with either the CYP1A1 inhibitor (ANF) or the CYP1B1 inhibitor (TMS) blocked the increase in EH activity induced by 15 IU hCG and significantly decreased EH activity compared to that of vehicle controls when incubated without hCG (Fig. 5A ). Treatment with ANF or TMS did not significantly alter the % GVBD of FEOs compared to vehicle-treated controls but significantly attenuated the hCG-induced increase in % GVBD (Fig. 5B) . ANF was the most effective inhibitor, completely blocking hCG induction of GVBD (Fig. 5B) .
hCG-Induced Changes in cyp1a, cyp1b1, cyp1c1, and cyp19a1 mRNA Expression Incubation of stage IV follicles with 15 IU hCG caused significant increases in the mRNA expression of cyp1a after 3 h and cyp1b1 and cyp1c1 after 2 h of incubation, respectively (Fig. 6, A-C) . Transcript levels of both cyp1a and cyp1c1 had declined to basal values after 5 h of incubation, corresponding to an increase in GVBD (Figs. 4C and 6 , A and C), whereas cypb1b mRNA levels remained significantly elevated at this time point. In contrast, cyp19a1 mRNA expression was significantly decreased after 2 h of incubation with 15 IU hCG compared to initial (0 h) values and showed a further significant decline after 5 h of incubation (Fig. 6D) .
Effects of 2-OHE 2 on GVBD and Role of GPER
Incubation of stage IV FEOs with 20 nM 2-OHE 2 for 3 and 6 h significantly increased the % GVBD compared to vehicle controls, whereas, as observed previously [24] , incubation with 20 nM E 2 or G-1 significantly decreased % GVBD compared to controls (Fig. 7A) . Coincubation with 20 nM 2-OHE 2 for 3 h blocked the inhibitory effects of 20 nM E 2 or G-1 on % GVBD, which was not significantly different from controls, and increased % GVBD at 6 h (Fig. 7A) .
Incubation of defolliculated oocytes with 20 nM of E 2 or G-1 for 3 and 6 h significantly decreased the % GVBD as compared to vehicle controls, whereas incubation with 20 nM of 2-OHE 2 alone significantly increased the percent undergoing GVBD (Fig. 7B) . Coincubation of defolliculated oocytes with 20 nM E 2 or G-1 with 2-OHE 2 blocked the inhibitory effects of E 2 and G-1 on % GVBD at both the 3-and the 6-h incubation periods (Fig. 7B) , suggesting that 2-OHE 2 acts as a GPER antagonist. Defolliculated oocytes were coincubated with 2-OHE 2 and a GPER antibody (1:300) to test this hypothesis. Coincubation of defolliculated oocytes with the GPER antibody blocked the stimulatory effects of 2-OHE 2 on % GVBD after 6 h of incubation, whereas the stimulation of GVBD by 2-OHE 2 compared to vehicle controls was not impaired by coincubation with IgG (Fig. 7C) . These results further suggest that 2-OHE2 acts as a GPER antagonist to stimulate GVBD of zebrafish oocytes.
Binding of Catecholestrogens to GPER
The ability of 2-OHE 2 to interact with GPER was investigated in competitive binding assays. Competitive binding assays with 2-OHE 2 and 2-ME-E 2 show that both of them are effective competitors of [ 3 H]-E 2 binding to plasma membranes prepared from GPER-transfected cells (Fig. 7D) , with relative binding affinities 79.4% and 10.84%, respectively, that of E2.
Effects of 2-OHE 2 on cAMP Content of Defolliculated Oocytes
Antagonism of E2 and G-1 actions through GPER by 2-OHE 2 was investigated in an assay that measures cAMP production by defolliculated oocytes. Incubation of defolliculated oocytes with 20 nM E 2 and G-1 significantly increased cAMP concentrations compared to vehicle controls, whereas treatment with the GPER antagonist G-15 and 2-OHE 2 (20 nM) significantly decreased the cAMP levels (Fig. 8) . Coincubation of E 2 with 20 nM 2OHE 2 or G-15 attenuated the stimulatory effect of E 2 on cAMP concentrations, and 2-OHE 2 also antagonized the stimulatory effect of G-1 on cAMP production (Fig. 8) .
DISCUSSION
In this study, we clearly demonstrate that the catecholestrogen 2-OHE 2 induces meiotic maturation of zebrafish oocytes by blocking the inhibitory action of estrogens on the resumption of meiosis. The results provide clear-cut evidence that 2-OHE 2 binds to GPER and is a potent GPER antagonist, attenuating the stimulatory effects of E 2 and the GPER-specific agonist G-1 on cAMP production. The finding that coincubation with a specific GPER antibody, but not with IgG, blocks the stimulatory effects of 2-OHE 2 on meiotic maturation of defolliculated zebrafish oocytes further supports a direct interaction of 2-OHE 2 with GPER on the oocyte cell surface. In addition, several lines of evidence suggest that the increase in 2-OHE 2 synthesis has a physiological role in gonadotropin induction of OM in zebrafish. Both production of 2-OHE 2 and the activity of EH, the enzyme that converts E 2 to 2-OHE 2 , are up-regulated in full-grown stage IV ovarian follicles by in vitro gonadotropin treatment, coincident with an increase in OM. In contrast, aromatase activity and E 2 production and expression of the gonadal aromatase gene cyp19A1 decline during this period, suggesting an attenuation of the inhibitory estrogen signal. Experiments with cytochrome P450 inhibitors that target different CYP1s indicate that the gonadotropin-induced increase in EH activity is 2-OHE 2 BLOCKS E 2 INHIBITION of OM THROUGH GPER mediated by members of the Cyp1a and Cyp1b subfamilies and is required for gonadotropin induction of OM. Moreover, gonadotropin treatment increased cyp1a, cyp1b, and cyp1c mRNA expression in ovarian follicles prior to the increase in OM, thereby providing initial evidence that the ovarian expression of these genes changes in association with OM in some vertebrate species. A well-known action of gonadotropin (luteinizing hormone) in teleosts in the periovulatory period is to up-regulate maturation-inducing steroid synthesis and membrane progestin receptor (mPR) expression in fish ovarian follicles, resulting in the induction of OM [36, 43] . However, the results of the current study provide clear evidence for activation of a second pathway by gonadotropin during this period causing upregulation of 2-OHE 2 synthesis. The results also indicate a Values are means 6 SEM (n ¼ 3). Data were analyzed by one-way ANOVA (P , 0.001) and followed by Newman-Keuls test (P , 0.05) for group comparisons. Groups bearing the same letter or number are not significantly different.
CHOURASIA ET AL. plausible mechanism by which 2-OHE 2 stimulates OM through inhibition of GPER-dependent signaling. Thus, gonadotropin induction of OM in zebrafish involves both activation of a stimulatory maturation-inducing steroid/mPR pathway and inactivation of an inhibitory estrogen one through GPER by 2-OHE 2 .
The progressive decline in ovarian E 2 concentrations from early vitellogenic (stage III) to the late vitellogenic (stage IV) and fully grown (stage V) stages observed in the present study is related to parallel decreases in aromatase activity and cyp19A1 mRNA expression in zebrafish ovaries, in agreement with previous findings in other teleost species, such as tilapia, 
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European sea bass, and rainbow trout [44] [45] [46] . The decrease in circulating levels of E 2 in teleosts is associated with the completion of vitellogenesis and a switch in steroidogenesis to the production of the maturation-inducing steroid [36, 43] . Indeed cyp19A mRNA levels and aromatase activity showed a further decline in zebrafish stage IV follicles during hCG induction of OM. However, substantial amounts of E 2 , aromatase activity and cyp19A mRNA expression were still present in zebrafish follicles during the early stages of OM, similar to the findings in rainbow trout [46] . Moreover, transient increases in E 2 production in Atlantic croaker ovaries in vitro and circulating E 2 levels in white perch and striped bass have also been observed during the initial stages of gonadotropin induction of OM [47] [48] [49] . These results are consistent with role of E 2 in the early stages of OM, preventing precocious resumption of meiosis [22, 24, 50] .
An important observation was that EH activity increased at the beginning of gonadotropin induction of OM in zebrafish, consistent with a physiological role for 2-OHE 2 in blocking estrogen action during this period, enabling the resumption of meiosis. Gonadotropin also up-regulates EH activity in mammalian and Indian catfish ovaries [31, 32, 51] , although this occurs during a later stage of OM in the catfish when 40%-50% of the oocytes have completed GVBD [32] . The finding that the increase in EH activity in stage IV zebrafish follicles was associated with increases in the cyp1a, cyp1b1, and cyp1c1 mRNA expression is in agreement with an earlier study showing that EH activity in zebrafish is mediated by Cyp1a and Cyp1c [20] and with the experiments showing that a CYP1A inhibitor, ANF [52] , and, to a lesser extent, a CYP1B1 inhibitor, TMS [53] , decrease EH activity. A noteworthy discovery of this study is that the expression of cyp1a, cyp1b1, and cyp1c1 mRNAs are up-regulated by gonadotropin treatment during OM, providing an initial indication of their involvement in regulating the resumption of meiosis. An unexpected finding was that cotreatment with ANF completely blocked gonadotropin-induced OM, which, in addition to increasing EH activity, also involves increases in the production of maturation-inducing steroid and expression of its receptor, mPRa [25, 36, 43] . ANF acts as a reversible competitive CYP1A1 inhibitor through binding to the active site of the enzyme or to the ferric heme [53] and also binds to the aryl hydrocarbon receptor, competitively inhibiting CY-P1A1 induction by other agonists [54] . Direct effects of ANF on maturation-inducing steroid synthesis are unlikely because there are no reports to our knowledge that it inhibits steroidogenesis. One possible interpretation of these results that will require further examination is that synthesis of 2-OHE 2 is obligatory for gonadotropin induction of OM and that 2-OHE 2 acts via multiple mechanisms to initiate resumption of meiosis, including promoting production of the maturationinducing steroid, a progestin, as has been demonstrated in Indian catfish ovaries [30] . Previously, 2-OHE 2 was shown to stimulate progestin secretion by mammalian ovarian follicles [3] . An additional component of the GPER-dependent mechanism regulating the onset of OM in zebrafish was identified in the present study, namely, antagonism of estrogen maintenance of meiotic arrest by the catecholestrogen 2-OHE 2 synthesized in response to gonadotropin treatment during the early stages of OM. E 2 exerts a direct inhibitory action on the resumption of OM in several teleost species [21] [22] [23] . Convincing evidence has been obtained in that this action of E 2 on defolliculated Atlantic croaker and zebrafish oocytes is mediated through GPER, causing activation of a stimulatory G protein and adenylyl cyclase, resulting in maintenance of elevated cAMP levels [22, 23] . This proposed mechanism of estrogen action on defolliculated zebrafish oocytes was confirmed in this study, using a GPER-specific agonist (G-1) and antagonist (G-15) as well as a specific GPER antibody. The finding that 2-OHE 2 antagonized these actions of E 2 and G-1 on OM and the increase in cAMP levels, antagonistic effects blocked in the presence of the GPER antibody, and that 2-OHE 2 is an effective competitor of [ 3 H]-E 2 binding to recombinant zebrafish GPER, strongly suggest that 2-OHE 2 acts primarily as a GPER antagonist to down-regulate GPER-dependent estrogen signaling pathways. In addition, the catecholestrogen could potentially stimulate zebrafish OM by altering steroid production because in vitro treatment with 2-OHE 2 has been shown to decrease E 2 secretion and stimulate production of the maturation-inducing steroid by ovarian follicle cells of the Indian catfish [30] .
The demonstration that 2-OHE 2 synthesis is up-regulated in ovarian follicles by gonadotropin and that 2-OHE 2 antagonizes E 2 actions on zebrafish oocytes through binding to GPER potentially has broad significance for our understanding of estrogen physiology beyond the regulation of OM in teleosts. 2-OHE 2 is synthesized in many mammalian tissues, including the brain, uterus, liver, breast, gonads, and cardiovascular system [3, 4] , and therefore could act in many tissues to modulate E 2 actions. However, its actions are unlikely to be mediated through the ERs because 2-OHE 2 displays weak binding activity to these receptors [4] . In contrast, our unpublished results show 2-OHE2 has high binding affinity for human recombinant GPER. GPER has a wide tissue distribution and regulates numerous processes in reproductive and nonreproductive tissues where 2-OHE 2 is synthesized [1, 2] . Therefore, 2-OHE 2 could potentially modulate a wide variety of GPER-dependent estrogen functions. Nonetheless, there are only a few reports to date on antiestrogenic actions of 2-OHE 2 in mammalian tissues, and the involvement of GPER has not been demonstrated in any of them. 2-OHE 2 has been shown to act via a nongenomic mechanism to cause relaxation of rat uteri [6] , whereas activation of GPER by G-1 enhances human myometrium contractility [55] , which is consistent with 2-OHE 2 acting as a GPER antagonist in the myometrium. The catecholestrogen also acts as an antiestrogen in several breast cancer cell lines, antagonizing the proliferative action of E 2 [5] . Although GPER has been clearly implicated in breast cancer progression, both proliferative and antiproliferative estrogen actions through GPER in different breast cancer cell lines have been reported [1] , so it is unclear whether the antiproliferative actions of 2-OHE 2 are mediated through this receptor. 2-OHE 2 exerts a neuroprotective action in hippocampal cells that is not mediated through ERs [10] . However, the fact that E 2 and the GPER agonist G-1 also exert neuroprotective actions in these cells suggests that 2-OHE 2 can also have estrogenic activity in some tissues. In support of this, 2-OHE 2 has been shown to mimic the stimulatory actions of E 2 on proliferation of ovarian cancer cells [8] . The finding that 2-OHE 2 mimics the nongenomic inhibitory actions of E 2 on restriction of porcine coronary arteries through a ER-independent pathway [9] further indicates that 2-OHE 2 may also act as a GPER agonist. Collectively, these results suggest that 2-OHE 2 may interact with GPER in a variety of tissues to modulate estrogen actions in health and disease. However, additional research will be required to explain the disparate actions of 2-OHE 2 in these different tissues and demonstrate the involvement of GPER.
In summary the present results demonstrate that 2-OHE 2 content and EH activity in zebrafish ovaries change during follicular development and increase at the onset of OM in response to gonadotropin treatment. Evidence is presented that these gonadotropin-induced changes in EH activity are mediated primarily through Cyp1a. 2-OHE 2 has an important physiological role in promoting OM and acts through GPER to antagonize estrogen actions, inducing resumption of meiosis by lowering cAMP concentrations. These results provide the first evidence in vertebrate tissues that 2-OHE 2 can act as a GPER antagonist to exert antiestrogen actions. An unexpected finding was that gonadotropin induction of OM was blocked by cotreatment with a CYP1A inhibitor, suggesting that maintenance of 2-OHE 2 production and EH activity is critical for the resumption of meiosis. Thus, gonadotropin induction of OM in zebrafish involves both activation of a stimulatory pathway through the maturation-inducing steroid and mPR as well as 2- 
